Abstract-Guided modes of nonlinear slot waveguides are investigated for the first time and their unusual modal properties are demonstrated. Nonlinear phase shifts of slot waveguides induced by optical Kerr effect exhibit saturable behavior for strong optical intensity. This is because a self-localization effect of electromagnetic fields induced by optical Kerr effect is compensated with a field broadening originating from a unique confinement mechanism of slot waveguides. Nonlinear phase shifts on various structural parameters are thoroughly investigated. All the results presented in this letter are obtained by using a rigorous full-vector finite-element method to ensure accurate analysis.
I. INTRODUCTION
O PTICAL waveguide devices utilizing nonlinear optical effects are promising candidates for the components of future telecommunication networks because of their applicability to all-optical signal processing devices. Among various nonlinear optical effects, the optical Kerr effect has attracted considerable attention because of its ultrafast response time and is widely used for a lot of applications. Due to the recent advancement in microstructure fabrication technology, wavelength scale optical waveguides have been fabricated such as Si-wire and photonic crystal waveguides for ultrasmall optical integrated circuits. In these waveguides, the intensity of light is significantly larger than that of conventional low-index-contrast optical waveguides leading to the dramatic enhancement of nonlinear optical effect. A lot of research on nonlinear optical devices based on these microstructured waveguides has been done [1] - [7] . Recently, so-called slot waveguides have been proposed and fabricated as alternative candidates for optical integrated circuits based on microstructure waveguides [8] , [9] . In the slot waveguide, low-refractive-index material (slot region) is sandwiched by high-refractive-index materials (see Fig. 1 ). In such a waveguide geometry, the guided mode polarized to one of the major axes (in this letter, : quasi-TE modes) is strongly confined in the low-index slot region [8] , [9] because of the electric field discontinuity between high refractive index and low refractive index materials, and light can be strongly confined in the low-index slot region by total internal reflection. The upper right and lower right insets in Fig. 1 show linear guided mode field distributions of the slot waveguide for quasi-TE and quasi-TM (the electric field is polarized to axis) modes, respectively. We can see that light confinement in the slot region is very strong for quasi-TE modes. Therefore, it is expected to enhance nonlinearity effectively and all-optical switching devices based on slot waveguides have been proposed [10] , [11] . In these nonlinear optical switching devices, a refractive index change (or phase shift) induced by optical Kerr effect is utilized for switching operations, and important information for designing nonlinear optical devices, for example, nonlinear Mach-Zehnder interferometers [7] . To obtain the nonlinear phase shift accurately, the guided mode analysis of nonlinear optical waveguides through the rigorous numerical methods are necessary. However, intensity-dependent phase shifts in nonlinear slot waveguides have not been investigated so far. In this letter, guided modes of nonlinear slot waveguides are investigated for the first time and their unusual modal properties are demonstrated. Nonlinear phase shifts of slot waveguides induced by optical Kerr effect exhibit saturable behavior for strong optical intensity. This is because a self-localization effect of electromagnetic fields induced by the optical Kerr effect is compensated with a field broadening originating from a unique confinement mechanism of slot waveguides. Nonlinear phase shifts on various structural parameters are thoroughly investigated. All the results presented in this letter are obtained by using a rigorous full-vector finite-element method (FEM) specially formulated for the analysis of nonlinear optical waveguides [12] .
II. GUIDED MODES OF NONLIEAR SLOT WAVEGUIDES
Here, we consider a nonlinear slot waveguide as shown in Fig. 1 . Waveguide parameters are as follows: The refractive index of high-index region and cladding are, respectively, taken as (Si) and (SiO ); the waveguide height nm; and nm. is the width of slot region. We assume that the material embedded in the slot region has Kerr-type nonlinearity, and its intensity-dependent refractive index is given by where is the linear part of the refractive index, m W is the nonlinear coefficient, is the electric field distributions, and is the free-space impedance. One possible candidate for the nonlinear material is Si nanocrystals [10] , [11] whose is four orders of magnitude larger than that of SiO . The operating wavelength is assumed to be 1.55 m. Ratios of optical power carried in the slot region for quasi-TE and TM modes are 26% and 9.4%, respectively, showing the strong confinement for quasi-TE modes. Full-vector modal solver based on -field FEM [12] is utilized to obtain modal solution of nonlinear slot waveguides. Full-vector FEM is one of the most appropriate numerical methods for the analysis of slot waveguides because boundary conditions between different materials are automatically satisfied without special treatments. Fig. 2 shows the nonlinear phase shifts of a slot waveguide with nm and as a function of , where is the optical power. Here, the nonlinear phase shift per unit length is defined as [4] , [5] (2) where is the free-space wavenumber, and are the nonlinear and linear effective refractive indexes, respectively. Here, the values of for quasi-TE and TM modes are 1.729706 and 1.755922, respectively. Nonlinear phase shifts for quasi-TE modes are significantly larger than those for quasi-TM modes because the field confinement in the slot region for quasi-TM modes is not so strong (see field distributions in Fig. 1 ). For quasi-TE modes, a saturable behavior for can be seen for larger values of . This is quite unusual because the nonlinear refractive index is proportional to optical intensity as can be seen in (1) . The behavior can be explained as follows.
For smaller values of , the refractive index change in the slot region is not so large resulting in linear increase of . For larger values of , because the refractive index change in the slot region becomes large, refractive-index-contrast between and is reduced. Because the degree of light confinement in the slot region becomes weaker for lower index contrast between and , the field is broadened for larger values of resulting in weaker nonlinearity. Therefore, contributions to the field confinement from optical Kerr effect and the slot waveguide confinement are balanced each other resulting in the saturable behavior for strong optical intensity. This is also confirmed by effective area as shown in Fig. 3 . For smaller optical powers, is linearly decreased with because the field is more confined to the slot region due to the optical Kerr effect. When the optical power is further increased, the value of becomes larger due to the field broadening originating from reduced index contrast between and . Hereafter, we focus on the nonlinear phase shift for quasi-TE modes. for different values of . By increasing the value of , nonlinear phase shifts become larger because nonlinear refractive index change is proportional to as can be seen in (1). However, for , is almost unchanged compared with that for because for larger values of ; a light intensity in the slot region becomes smaller resulting in weaker nonlinearity, as shown in Fig. 5(b) , which show linear guided mode field distributions at the center of the waveguides in the direction. Because light intensities in the slot region for and are almost the same, for is larger than that for . For , the light intensity in the slot region is lower than that for due to the low-index-contrast between and , and thus, the nonlinearity is weakened leading to smaller increase in . Therefore, to effectively enhance the nonlinearity, the linear refractive index of nonlinear materials is very important. Such characteristics cannot be seen in usual nonlinear channel optical waveguides. Fig. 6 shows the nonlinear phase shifts of slot waveguides with nm and as a function of for different wavelengths. Because the confinement mechanism of slot waveguides is not resonant effect [8] , the modal properties are not so sensitive to wavelength.
III. CONCLUSION
We have investigated nonlinear modal properties of slot waveguides by using rigorous full-vector FEM. From the numerical results presented here, it was shown that for strong optical intensity, the saturable behavior can be seen in the nonlinear phase shift. The behavior stems from a cancellation of self-localization of the electromagnetic field due to the optical Kerr effect by the field broadening induced by the slot waveguide confinement. It was also pointed out that to effectively enhance the nonlinearity in slot waveguides, the linear refractive index of nonlinear material is important as well as the nonlinear coefficient.
